In the present work, we investigate how the large-scale magnetic field of the Sun, in its three vector components, has evolved during most of cycle 24, from 2010 Jan to 2018 Apr. To filter out the small-scale field of the Sun, present in high-resolution synoptic maps, we use a spherical harmonic decomposition method, which decomposes the solar field in multipoles with different degrees. By summing together the low-multipoles, we reconstruct the large-scale field at a resolution similar to observed stellar magnetic fields, which allows the direct comparison between solar and stellar magnetic maps. During cycle 24, the 'Sun-as-a-star' magnetic field shows a polarity reversal in the radial and meridional components, but not in the azimuthal component. The large-scale solar field remains mainly poloidal with 70% of its energy contained in the poloidal component. During its evolution, the large-scale field is more axisymmetric and more poloidal when near minima in sunspot numbers, and with a larger intensity near maximum. There is a correlation between toroidal energy and sunspot number, which indicates that spot fields are major contributors to the toroidal large-scale energy of the Sun. The solar large-scale magnetic properties fit smoothly with observational trends of stellar magnetism reported in See et al. The toroidal ( B 2 tor ) and poloidal ( B 2 pol ) energies are related as B 2 tor ∝ B 2 pol 1.38±0.04 . Similar to the stellar sample, the large-scale field of the Sun shows a lack of toroidal non-axisymmetric field.
INTRODUCTION
One of the most successful techniques for imaging stellar magnetism is the Zeeman Doppler Imaging (ZDI) technique. By analysing a time-series of circularly polarised spectra (Stokes V), one is able to recover information about the large-scale magnetic topology, including its intensity, orientation and how the magnetic field is distributed over the stellar surface (Donati & Brown 1997) . As a result, the ZDI technique reconstructs the vector magnetic field through the stellar surface, providing surface distributions of all three vector components of stellar magnetism (radial, meridional and azimuthal) .
Recently, synoptic maps of three vector components of the solar magnetic field have also started to be produced (Gosain et al. 2013) . These maps are derived from full-disk E-mail: Aline.Vidotto@tcd.ie vector magnetograms, e.g., observed by the Synoptic Optical Long-term Investigations of the Sun (SOLIS, Keller et al. 2003) at the National Solar Observatory and with the Helioseismic and Magnetic Imager (HMI, Pesnell et al. 2012; Hoeksema et al. 2014) at the Solar Dynamics Observatory. The new vector synoptic fields allow us to investigate the meridional (North-South) and azimuthal (East-West) components of the solar magnetic field, in addition to the wellstudied radial (up-down relative to local surface of the Sun) component. Furthermore, we can now compare vector maps of the Sun to ZDI maps, to investigate whether the solar magnetic field is typical among other low-mass stars (Vidotto 2016; Lehmann et al. 2017 Lehmann et al. , 2018 . However, the difference in resolution between solar and stellar maps poses a problem in such a direct comparison. Stellar magnetic maps have much lower resolution than solar maps. In particular, the small-scale structure observed at the surface of the Sun (e.g., sunspots, active regions) cannot be seen by ZDI, due to flux cancelation within an element of resolution (Johnstone et al. 2010; Arzoumanian et al. 2011; Lang et al. 2014) . ZDI can only see the largescale magnetic field (i.e., large-scale components such as the dipole, quadrupole and further combinations of low-degree multipoles). However, in the Sun, the magnetic flux of solar active regions dominates, being orders of magnitude larger than the magnetic flux of the large-scale magnetic field. To provide a direct comparison between solar synoptic maps and stellar ZDI maps, one needs to filter out the small-scale field (i.e., the finely resolved magnetic features) of the solar observations. This method consists of decomposing the high-resolution solar magnetic maps in spherical harmonics and it was used in the context of the line-of-sight solar observations (DeRosa et al. 2012; Petrie 2013) and recently in the context of vector fields Lehmann et al. 2017) . In other words, the magnetic field is considered to be a superposition of magnetic multipoles with different degrees . Each multipole has a different intensity and angle with respect to the polar axis. The smallest multipole degrees represent the largest-scale components of the magnetic field, e.g., = 1 for the dipole, = 2 for the quadrupole, = 3 for the octupole and so on, while higher values of represent increasingly smaller scales at the surface of the Sun.
Once the spherical harmonics decomposition is done, one can then add individual multipoles up to a maximum degree max of interest. For the case where one wants to reconstruct the large-scale field of the Sun and compare it to ZDI maps, max should be chosen to be consistent with values used in ZDI studies. Typically, a ZDI map is able to reconstruct multipoles up to degrees 5 to 15, depending on the resolution of the observations. The method we use here is consistent with the magnetic field description adopted in several ZDI studies (e.g. Donati et al. 2006; Folsom et al. 2016; Rosén et al. 2016 ), so it is ideal for comparing largescale structure of the solar field with stellar magnetism.
An alternative way to reconstruct the large-scale field of the Sun and other stars is to use magnetic field data (observational or numerical), add noise representative of stellar observations, and conduct a ZDI reconstruction of the Sunas-a-star magnetic field. Using this method, Lehmann et al (in prep. a) conducted a series of ZDI reconstructions on the simulated data of solar magnetic fields, based on the 3D nonpotential flux transport simulations from Gibb et al. (2016) . They demonstrated that ZDI recovers the simulated largescale solar magnetic field provided the Sun is observed with a higher (i 60 o ) inclination angle, as is the case of most stars with ZDI maps. If the star is observed at lower inclinations (more pole-on), v sin(i) becomes small, worsening the resolution in ZDI. In this case, ZDI cannot distinguish between hemispheres. They also showed that our method of harmonics filtering recovers a similar field structure to what would be recovered if one would do a full ZDI field reconstruction of the solar magnetic field (i.e., from a time-series of Stokes V profiles). The harmonics filtering method we use in the present study is significantly less time-consuming than the ZDI reconstruction.
The goal of the present study is to investigate the evolution of the large-scale field of the Sun in its three vector components and compare it with stellar magnetic properties derived in ZDI studies. For that, we derive the spherical harmonic coefficients from solar synoptic maps of the vector field, filter out the high -degrees (i.e., removing the small-scale field and keeping the degrees that represent the large-scale field) and reconstruct only the large-scale field component. We do this for a series of HMI solar magnetic maps from 2010 Jan to 2018 April 1 (Liu et al. 2016 ). This period roughly coincides with the beginning of solar cycle 24 and is approaching its end -at the two extrema, the number of spots observed at the surface of the Sun is quite low (14 and 3, respectively). In contrast, the maximum sunspot number observed during this interval is ∼ 114, around mid-2014 (Figure 1) . The large-scale field of the Sun evolves during its activity cycle. While many studies investigated this evolution using the radial component of the solar magnetic field (e.g. Sanderson et al. 2003; DeRosa et al. 2012; Petrie 2013) , there is no study investigating the evolution of the large-scale meridional and azimuthal components nor the toroidal and poloidal fields. By studying the large-scale magnetic evolution of the solar cycle, we gain a better understanding of activity and magnetic cycles in other stars. With long-term monitoring, the evolution of the magnetic field has been observed in several stars now (e.g. Morgenthaler et al. 2012; Boro Saikia et al. 2015; Rosén et al. 2016; Fares et al. 2017) , and magnetic cycles have been confirmed in a few targets such as τ Boo (Fares et al. 2009 (Fares et al. , 2013 Mengel et al. 2016; Jeffers et al. 2018) , 61 Cyg A (Boro Saikia et al. 2016) , and Eridani (Jeffers et al. , 2017 . This paper is divided as follows: Section 2 overviews the method we use to decompose the magnetic field vector using spherical harmonics and the subsequent reconstruction of the large-scale magnetic field. Sections 3, 4 and 5 present our results: the polarity reversals in the large-scale vector solar field during cycle 24, how the magnetic energy is distributed in the poloidal and toroidal components and the magnetic evolution through cycle 24. Section 6 puts the results of the large-scale solar field in the context of stellar magnetic maps. Section 7 presents a summary of our results and our conclusions.
MAGNETIC FIELD DECOMPOSITION USING VECTOR SPHERICAL HARMONICS

Mathematical formalism
The radial B r , meridional B θ and azimuthal B ϕ components of the magnetic field are expressed in terms of spherical harmonics as
1 The HMI maps, downloaded as fits files from http://jsoc.
stanford.edu/ajax/lookdata.html?ds=hmi.b_synoptic, have a resolution of 3600 × 1440 pixel 2 , which corresponds to 360 degrees in solar longitude and ±1 in sine of solar latitude.
where P m ≡ P m (cos θ) is the associated Legendre polynomial of degree and order m. The sums are performed over 1 ≤ ≤ max and |m| ≤ , where max is the maximum degree of the spherical harmonic decomposition.
To filter out the small-scale magnetic fields, we proceed as follows: from the observed surface distributions of B r , B θ and B ϕ , we calculate the spherical harmonic coefficients α m , β m and γ m by inverting Equations (1) to (3), as presented in . Once the coefficients are computed, we use them in Equations (1) to (3), limiting the sums to a maximum value of max . Truncating the sums to a higher value for max implies a higher resolution in the field reconstruction. If max is sufficiently large, the high-resolution observed maps are recovered. In the example presented in , a value of max = 150 was demonstrate to recover the original observed magnetic field maps. Because the goal of this paper is to investigate the large-scale magnetic field vector of the Sun (i.e., the Sun as a star), we limit the sums to a maximum value of max = 5. This way, we keep only the magnetic field components up to max = 5, filtering out magnetic multipoles with degree > 5. This is motivated by the results of Lehmann et al (in prep a) , who showed that ZDI recovers only significant magnetic energies for -degrees up to = 5 for simulated solar-like rotators. Fast rotating stars typically allow a higher value of max ∼ 15 to be adopted in the ZDI field reconstruction (some of our analysis in this paper adopts max = 15). This is due to a higher resolution in spectropolarimetric observations of fast rotators than that of slow, solar-like rotators.
In ZDI studies, the vector magnetic field is often decomposed in poloidal and toroidal components, with observations showing that stars can have significant surface toroidal fields (Petit et al. 2008; Donati & Landstreet 2009; See et al. 2016) . While most dynamo models enforce a zero toroidal field at the surface, Bonanno (2016) showed that it is possible for a dynamo model to produce a significant toroidal field. The terms with α m and β m represent the poloidal part and the terms with γ m the toroidal part of the field in Equations (1) to (3). Both components add such that ì B pol + ì B tor = ì B. In some works, toroidal fields are used as synonyms to azimuthal field, but this is not the case in the present study. In the limit of a purely axisymmetric field (m = 0), the toroidal field has only azimuthal component and the poloidal field only has radial and meridional components (i.e., it lies in meridian planes). In a general case, like ours, the toroidal field has meridional θ and azimuthal ϕ components, and the poloidal field has all three components.
Definitions used in this study
We denote ì B as the magnetic field strength at a specific degree. The sums of individual ì B up to a degree max results in the total field strength ì B Σ . We define the magnetic field energy as the squared magnetic field averaged over the surface
where Ω is the solid angle. The cumulative energy, i.e., when the magnetic field is summed over all 's, is represented by B 2 Σ , while the energy at a specific degree is represented by B 2 .
Analogously, the energy in the poloidal component is defined as B 2 pol = 1 4π ∫ ì B pol · ì B pol dΩ and the toroidal energy is defined in a similar way. To be more explicit, when . The fraction of poloidal fields is then
/ B 2 , for cumulative and individual distributions, respectively. The toroidal energies are defined in a similar fashion as above. The toroidal fractions are
Our analysis also takes into account the axisymmetry of the magnetic field. To calculate the axisymmetric component of the magnetic field vector, we only allow m = 0 in the sums in Equations (1) to (3). The axisymmetric magnetic field energy is
This definition is similar to that used in See et al. (2015) and Lehmann et al. (2017 Lehmann et al. ( , 2018 . In some other ZDI works, alternative definitions of the axisymmetric condition have been used (e.g., m < /2, Fares et al. 2009).
POLARITY REVERSALS IN THE LARGE-SCALE FIELD
After calculating α m , β m and γ m , we then compute the large-scale field by restricting the sums in Equations (1) to (3) for ≤ max = 5. This process is done for all available maps, which, in the case of the vector synoptic maps from HMI, range from carrington rotations (CRs) CR2097 to CR2202. Due to their lack of data during one full CR, we removed maps CR2181 and CR2136 from our analysis, resulting in 104 analysed maps. The sunspot numbers (SSN) observed during this period is shown in Figure 1 . The maps used in this study are part of cycle 24 and they range from nearly two consecutive minima in SSN. Figure 2 shows the large-scale magnetic field vector of the Sun at three different CRs: CR2097, CR2150 and CR2202. These CRs are represented in Figure 1 as dashed lines and they were chosen as to represent minimum, maximum and minimum in SSN, respectively. Figure 2 shows that the polarities of the radial and meridional fields are different in the two consecutive minima, indicating a field reversal between CR2097 and CR2202. There is no reversal in the azimuthal component. A closer analysis shows that the azimuthal component is mainly from the toroidal part of the field, which does not reverse polarity throughout the 11-yr activity (sunspot) cycle. Because of this, the azimuthal field remains with roughly two polarity bands through the activity cycle: a positive azimuthal band in the southern hemisphere and a negative azimuthal band in the northern hemisphere.
To further investigate field reversals, we average each component of the magnetic field over longitudinal bands and stack together the derived one-dimensional arrays to obtain a temporal evolution. The left panels in Figure 3 show the time-latitude diagram for the observed synoptic maps and the right panels for the large-scale magnetic field of the Sun for max = 5 (note that the y-axis is sine of latitude on the left panels). Missing maps were assigned a zero value in all their magnetic field components. We clearly see that the radial and meridional components reverse polarities in the total observed field (left) and large-scale components (right), but the azimuthal component remains mainly negative (positive) in the northern (southern) hemisphere. It is interesting to note also that the polarity of the active regions in the azimuthal component is opposed to the polarity of the magnetic field at higher latitudes (bottom left) at the same hemisphere.
We believe that we still do not see the reversal in the azimuthal component because of the reduced timespan of maps, which do not yet probe the beginning of the next sunspot cycle (i.e., we do not have observations spanning the entire 22-yr magnetic cycle). As we show in Section 5, B ϕ , which is the dominant component forming the toroidal field, is tracing the spot (active regions) fields. In a spatial average, B r of opposite polarity cancels out, however, because the majority of all active regions follows the Hale polarity orientation, B ϕ does not cancel out completely in a spatial averaging. If there is no systematic B ϕ component (e.g., due to noise) in the quiet Sun (i.e., outside of active regions), all B ϕ signal originates from bipolar structures of decaying active regions. Thus, we need to wait for the beginning of the next sunspot cycle to be able to see the reversal in B ϕ , as the polarity orientation of the bipoles reverses sign at the beginning of each activity cycle. Therefore, our analysis shows that B ϕ has not reversed its polarity during cycle 24 and we expect a lag between the reversals in B r (which occurs after maximum of current cycle 24) and B ϕ (which will occur at the beginning of the next cycle 25).
Another feature we notice in Figure 3 are the wiggles of the observed (left panels) and reconstructed (right panels) field, more clearly seen in the regions of high latitude. This modulation is due to the viewing angle of the solar poles due to the inclination of the solar rotation axis with respect to the ecliptic (Pastor Yabar et al. 2015) . The left panels in Figure 3 for example show that the wiggles near the poles are in anti-phase between northern and southern hemispheres. At low latitudes, the effect is much smaller, and thus, the modulation is not that prominent. Figure 4 shows the poloidal (top panels), toroidal (middle) and axisymmetric (bottom) energies of the solar magnetic field at the same CRs plotted in Figure 2 . The panels on the right show the energies at each individual degree , while the panels on the left show the cumulative sums (i.e., the sums of the energy per degree) up to a given max . 2 Note that the toroidal energy is much lower than the poloidal energy during the whole cycle 24 (here, represented by the three plotted CRs). We do not show the distribution of total energies, as those are very similar in magnitude and in behaviour to the distributions of poloidal energies. The cumulative energies (left panels), as expected, increase with max . The increase in poloidal and toroidal energies is steeper at maximum SSN (c.f., black versus blue/red curves), indicative of higher magnetic field strengths at this epoch of the solar cycle. The magnetic energy in the axisymmetric component (m = 0) is the largest at CR2202 (minimum). As we present in the next section, the solar magnetic field is more axisymmetric at epochs near minimum, and in particular when the sunspot number is in the decaying phase (i.e., at the end of the cycle). Although the toroidal energies are at least one order of magnitude smaller than the poloidal energies over the sunspot cycle, the toroidal energy undergoes a sudden increase at max ≥ 10 at maximum activity. This is due to a high toroidal energy at = 10 (middle right panel). We believe this indicates that the toroidal field comes from the bipoles -the small-scale structures -that become visible at higher degrees. The panels on the right (Figure 4 ) also show that the poloidal (and total) magnetic energy of the dipole ( = 1) is smaller at maximum (black) than at minima (red, blue). The opposite holds for ≥ 2 (quadrupole and above degrees), when the magnetic energy at a given is larger during maximum than during minima. This is consistent with DeRosa et al. (2012) who showed that the dipole component of the radial magnetic field of the Sun is anti-correlated to sunspot number (smallest intensity at solar maximum). At minimum phases (red, blue), we see a zig-zag in the distribution of B 2 pol, , where even-degrees have smallest energies in poloidal field, when compared to adjacent odd-degrees. In other words, at SSN minimum, the quadrupole ( = 2) has the smallest poloidal energy compared to the dipole ( = 1) or the octupole ( = 3). The same is then true for most of the odd degrees. For the red curve, the 'zig-zag' trend continues for higher , at least up to = 15. DeRosa et al. (2012) already reported opposite behaviours in the energies between the = 1 and = 2 components of the line-of-sight magnetic field (at minimum, the dipolar energy is larger than the quadrupolar and vice-versa at maximum). Given that the line-of-sight component makes up for most of the poloidal field, what we seen in Figure 4 for = 1 and = 2 is the same as discussed in DeRosa et al. (2012) .We note again that the energies per degree in the phases representative of SSN minima are considerably smaller than the energies in the phase representative of SSN maximum.
ENERGY DISTRIBUTIONS IN THE POLOIDAL AND TOROIDAL FIELDS
The zig-zag trend described for the poloidal energy per degree is inverted for the toroidal energy (middle right panel). In the distribution of B 2 tor, with , the even-degrees have higher energies in toroidal field compared to adjacent odd-degrees. For example, the toroidal energy of the quadrupole ( = 2) is the largest compared to the toroidal energies in the dipole ( = 1) or in the octupole ( = 3). Likewise, the 'zig-zag' trend seems to continue for higher , at least up to = 15 in the red curve. Note also that the contribution of = 2 to the toroidal energy is quite significant in the CR phases representative of either SSN minimum or maximum. At maximum, we see a significant increase in B 2 tor, for = 10, which, as mentioned before, we believe to be linked to the fact that the toroidal field is created by bipoles that start to be visible at higher . The fact that we see opposite trends in the distribution of B 2 pol, and B 2 tor, is linked to the sun's magnetic field polarity, which is reversed across the equator. Mathematically, this can be seen in Equations (1) and (3). For the solar magnetic field, most of its poloidal field is contained in the radial component, while the toroidal field is mainly stored in the azimuthal component. The radial poloidal field depends on P m (Equation 1) and the azimuthal toroidal field depends on dP m /dθ (Equation 3, term that contains γ m ). The properties of symmetry about the equator for P m and dP m /dθ depend on the sum ( + m). For odd ( + m), P m is antisymmetric and dP m /dθ is symmetric about the equator. On the other hand, for even ( + m), P m is symmetric and dP m /dθ is antisymmetric. Therefore, the equatorial polarity switches observed in the solar magnetic field (i.e., antisymmetry about the equator) require odd ( + m) in the poloidal part (which depends on P m ) and even ( + m) in the toroidal part (which depends on dP m /dθ). The inset in Figure 2 of Lehmann et al. (2017) provides a visualisation of this for the case of axisymmetric (m = 0) dipolar and quadrupolar fields. These symmetry properties would lead to local maxima in poloidal fields with odd ( + m) (and correspondingly local minima in toroidal fields) and to local minima in poloidal fields with even ( + m) (and correspondingly local maxima in toroidal fields). The reason why the zig-zag is not very pronounced for larger > 4 (especially in blue, red curves) could be because, to obtain B 2 pol, and B 2 tor, , we already summed over m ≤ .
A zig-zag pattern is also seen in the axisymmetric component of the solar magnetic field (bottom right panel). At minimum phases (red, blue), the trend resembles that of the poloidal energy (top right panel): in general, even-degrees have smallest energies in axisymmetric field, when compared to adjacent odd-degrees. In other words, at SSN minimum, the dipole ( = 1) or the octupole ( = 3) have larger axisymmetric energies compared to the quadrupole ( = 2). At maximum phase (black), on the other hand, the field is more axisymmetric at even degrees than adjacent odd degrees, but for ≥ 7, the zig-zag trend switches behaviour with more axisymmetric energies at odd . Figure 5 shows the ratio between toroidal and total energies of the large-scale field of the Sun (up to l max = 15) for all the CRs available in this study. The top panel shows the ratio between the toroidal and total energy at a given degree ( f tor, = B 2 tor, / B 2 ), while the bottom panel represents the ratio between the toroidal and total cumulative energies ( f tor = B 2 tor,Σ / B 2 Σ ). We see that the toroidal fraction at = 2 is high and usually higher than at = 1, which indicates a more toroidal field in the quadrupole at most epochs during the solar activity cycle 24. The exception is between CR2125 -CR2150 (around maximum in SSN), where we also see a significant contribution of toroidal energy at = 1. The other interesting feature we observe in Figure 5 is the vertical stripes in the toroidal fractions of the cumulative energies (bottom panel). Similar vertical stripes also appear in the toroidal fraction of energies in individual degrees (top panel). Together, these features indicate that changes in the toroidal energies occur simultaneously at all 's, i.e., there is no time delay in the increase of the toroidal energies at different components of the field. If the toroidal energy were first to appear in the small-scale structure and propagate with time towards large-scale structures, we would see a drift in toroidal fraction at each degree from high-'s towards low-'s as a function of time, forming diagonal stripes in the diagram shown in the top panel. Figure 6 shows the evolution of sunspot number over cycle 24. This diagram follows diagrams used in several ZDI studies (Morin et al. 2008; Donati & Landstreet 2009; Moutou et al. 2017 ) -they are useful to summarise magnetic field characteristics of a sample of magnetic maps. Each symbol carries information on the magnitude of the magnetic energy (symbol sizes are proportional to B 2 Σ ), on the fraction of poloidal energy (colours ranging from deep red for purely poloidal field f pol = 1 to blue for purely toroidal field f pol = 0), and the fraction of axisymmetric field (shapes ranging from a decagon for purely axisymmetric field f axi = 1 to a point-shaped star for f axi = 0). Figure 6 shows the evolution of the dipolar field characteristics ( max = 1) and the right panel shows the reconstruction done up to max = 5.
EVOLUTION OF THE SOLAR LARGE-SCALE FIELD THROUGH CYCLE 24
The left panel of
The dipolar magnetic field, shown in the left panel, becomes less poloidal (blue/yellow/orange) near and around maximum SSN, between CR2120 and CR2150, when we also see frequent changes in symbol colours (variation in poloidal fractions). This is also when the dipole is less axisymmetric (more star shaped). Note the bigger symbols at minima, which are due to increase in dipolar field.
The 'Sun-as-a-star' diagram is shown on the right panel ( max = 5). There are several interesting characteristics that we can extract from this plot: (i) Axisymmetry: Firstly, the solar large-scale magnetic field is more axisymmetric as it is near solar minima (rounder symbols). This is more clearly seen around CR2200, but also visible at around CR2100. From CR2100 to CR2120, when the sunspot number is rising, the field axisymmetry decreases. After CR2160, when the sunspot number is decaying, axisymmetry increases. This implies that, for the same number of sunspots at different parts of cycle 24, f axi will differ, depending if the cycle is going towards maximum or towards minimum SSN. This cycle asymmetry is likely a result of the location of spots in the surface of the Sun as the cycle evolves.
(ii) Poloidal: Secondly, the solar large-scale magnetic field is more poloidal as it approaches solar minima (darker symbols). Like in the axisymmetry discussion, the poloidal fraction seems to differ depending on whether the sunspot cycle is going towards maximum or towards minimum in SSN. For example, in the decaying phase of the sunspot cycle, after CR2150, f pol increases, as the symbols become more dark red. In the rising phase of the sunspot cycle, between CR2100 and CR2120, f pol seems to decrease overall, but this trend is not as clear as in the spot-decaying phase.
(iii) Intensity/energy: Thirdly, the overall magnetic energy is larger near sunspot maximum: bigger symbols around CR2150 (this is the opposite to what is seen in the left panel, where the dipole has larger intensity at minimum). The large-scale magnetic energy is higher in the decaying phase (bigger symbols). This is related to the formation of large-scale magnetic field. Prior to the polar field reversal, there is significant cancellation between decaying flux of active regions and polar field. But after the polar field reversal, the following polarity flux contributes to strengthening up the polar field. Lehmann et al (in prep b) reported the same trend in the flux emergence simulations of solar cycle 23.
Because of some magnetic field properties seem to depend on whether the activity cycle is going towards maximum or towards minimum in SSN, we present in Figure  7 several magnetic properties as a function of SSN. Red squares (black circles) represent phases of the solar cycle with decaying (rising) number of sunspots. We set the boundary between rising/decaying phases at CR2150. Indeed, all the panels in Figure 7 show red squares lying above black circles, indicative of higher poloidal fraction, axisymmetric fraction and poloidal, toroidal and total energies that are overall larger in the decaying phase of the cycle than in the rising phase. The asymmetry in the magnetic properties of the solar sunspot cycle is likely linked to the short rise and a long decay phase of sunspot numbers (e.g., Hathaway 
2010
). When we are in the rising phase of sunspot numbers, the magnetic field of decaying active regions is transported to the poles, cancelling out the polar field. The polar field is close to zero around maximum of sunspot. About one or two years after the maximum of the solar cycle, the polar field reverses its sign and is rebuilt (getting stronger and stronger) during the declining phase of cycle. I.e., we start to see the build up of polar fields, while bipoles are being removed.
There are two tight correlations worth mentioning. The first one is between the toroidal energy and sunspot number (Figure 7e , Spearman's rank correlation is ρ = 0.78, with a non-null probability 10 −10 ). This indicates that sunspots are major contributors to the toroidal energy. This supports the discussion in Section 3, in which the B ϕ component does not cancel out with spatial averaging (unlike B r ). The second one is the anti-correlation between f axi and sunspot number (Figure 7b ), which shows that the larger the number of Figure 6 . Sunspot number (smoothed) as a function of CR for the solar cycle. The magnetic field reconstruction is done up to max = 1, i.e., dipole only (left) and max = 5 (right). Symbol sizes are proportional to magnetic energy B 2 Σ , their colours indicate the fractional poloidal energy (ranging from deep red for purely poloidal field f pol = 1 to blue for purely toroidal field f pol = 0), and their shapes indicate the fraction of axisymmetric field (ranging from a decagon for purely axisymmetric field f axi = 1 to a point-shaped star for f axi = 0). sunspots, the less axisymmetric the field is (ρ = −0.82 and non-null probability 10 −10 , see Petrie 2013 in the context of line-of-sight fields). In spite of this tight relation, a large spread is seen in the axisymmetric energy, which ranges from 1 to 8 G 2 (panel d). However, the total magnetic energy increases with sunspot number (panel f), explaining why the axisymmetric fraction (ratio between panels d and f) decreases with SSN.
PLACING THE SOLAR LARGE-SCALE FIELD IN THE CONTEXT OF STARS
By reconstructing the solar magnetic vector field up to max = 5, we can more directly compare the solar magnetic properties with the magnetic properties of low-mass stars. From a sample of low-mass stars with reconstructed magnetic fields using the ZDI technique, See et al. (2015) showed that the toroidal magnetic energies are correlated to the poloidal energies. Figure 8b , the trend noticed by See et al. (2015) remains. Again, focusing only on the solar points (orange), we note the variation during the solar cycle in the f axi versus f tor plane . As we move towards the end of cycle 24, the orange points start to populate the top left corner of the diagram (increasing f axi and decreasing f tor ). The 3D non-potential flux transport simulations of the solar cycle 23 populate the same parameter range as the observations of cycle 24 (Lehmann et al., in prep b) .
Another technique used to measure the magnetic fields of stars is the Zeeman broadening (ZB) technique (e.g. Saar 2001; Johns-Krull et al. 1999; ). This is a complementary technique to ZDI: while ZDI is not sensitive to magnetic fluxes in small scales, ZB is able to measure the total (small and large scales) unsigned magnetic flux of a star. However, ZB cannot recover field geometry as ZDI does. For a sample of M dwarfs, and Morin et al. (2010) showed that the ratio between the average magnetic energy recovered in ZDI ( |B V | ) and the average magnetic energy recovered in ZB ( |B I | ) ranges from 6 to 14%. Here, we use the high-resolution solar magnetic maps to calculate the unsigned magnetic field strength in the total field and we adopt this value as the equivalent of |B I | . We use the total magnetic field calculated at max = 5 as an equivalent to |B V | . With these derived values, we compute the ratio |B V | / |B I | over solar cycle 24. We found that this ratio is below 27% during the whole cycle 24 and most often between 10 and 20%, indicating that only 10 to 20% of the total magnetic field of the Sun would be recovered in ZDI observations. This is consistent with the results found by Lehmann et al. (in prep. a) when applying ZDI to solarlike star simulations. The number of objects with magnetic field measurements using both the Zeeman broadening technique and and ZDI technique is going to increase manyfold with SPIRou, a near-infrared spectropolarimeter that was recently installed in CFHT.
We also investigate the presence of correlations between |B V | and |B I | (Figure 9a ), |B V | / |B I | and SSN (9b) |B I | and SSN (9c) and |B V | and SSN (9d). Among all Figure 7 . Properties of the large-scale ( max = 5) magnetic field during cycle 24: (a) fraction of poloidal energy, (b) fraction of axisymmetric energy (m = 0), (c) poloidal energy, (d) axisymmetric energy (m = 0), (e) toroidal energy and (f) total magnetic energy (poloidal plus toroidal energies). Black circles (red squares) represent the phases of the cycle in which the number of sunspots is rising (decaying). We place this boundary at CR2150. Note that overall the red squares lie above black circles, i.e., overall quoted magnetic properties are larger in the decaying phase of the cycle than in the rising phase. The Spearman's rank correlation ρ is shown in each panel (correlation considers circles and squares).
these, we found a tight correlation between |B I | and SSN (Spearman's rank coefficient ρ = 0.89, null-probability 10 −10 ). We also found that |B I | ∝ |B V | 1/2 (ρ = 0.81, nullprobability 10 −10 ), which implies that an increase of a factor of 10 in |B I | , increase about a factor of 3 in |B V | .
SUMMARY AND CONCLUSIONS
In this study, we decomposed the synoptic maps of the solar vector magnetic field in terms of spherical harmonics. We used the vector synoptic maps from HMI (Liu et al. 2016) , which are available since CR2097 and currently extend up to CR2202. During this period, the Sun evolved from nearly a minimum in sunspot number (SSN), passing through a maximum at around CR2150 and then nearly reaching the consecutive minimum at the end of the observing period ( Figure 1 ). Although this does not span a full magnetic cycle (22 yr), it nearly spans a full activity cycle (11yr).
Once the vector synoptic maps were decomposed using spherical harmonics, we used the derived coefficients to reconstruct the solar vector field. This method was described in . Because we are interested in studying the Sun as a star, we limit the reconstruction to a maximum spherical harmonics degree max = 5. Our description is entirely consistent with the description adopted in several ZDI studies (e.g. Donati et al. 2006) . By filtering out the spherical harmonics with high degrees, our method allows one to transform high-resolution vector synoptic maps of the Sun into maps with similar resolution to those derived in stellar studies, allowing, therefore, their direct comparison. It has been shown that the spherical harmonics decomposition method provides a good proxy for what ZDI recovers for solar-like stars (Lehmann et al., in prep. a) .
We showed in Figure 2 the large-scale vector field of the Sun reconstruct up to max = 5, which is a typical maximum degree achieved in ZDI studies. Although we have Figure 9 . Correlations between the average magnetic energy recovered by ZDI |B V | and the average magnetic energy recovered in Zeeman broadening |B I | . We use the total magnetic field calculated at max = 5 as an equivalent to |B V | and the high-resolution (observed) solar magnetic maps as the equivalent to |B I | . Power-law fits are shown for all panels (red), except b, along with the Pearson correlation coefficient ρ.
analysed 104 CRs, we only presented the field reconstruction for three of them: one representative of a minimum of SSN (CR2097), one representative of a maximum (CR2150) and then another one representative of a following minimum (CR2202). A polarity reversal is immediately seen in the radial and meridional components of the large-scale solar field, but not in the azimuthal component, which remains negative (positive) in the northern (southern) hemisphere during the entire timespan of our maps (Figure 3) . The lack of reversal in the ϕ component is due to our reduced timespan of maps: new bipoles of different polarities will start to emerge in the next sunspot cycle and consequently we expect B ϕ to reverse its polarity.
The radial or line-of-sight large-scale field of the Sun has been investigated in several works (e.g. DeRosa et al. 2012; Petrie 2013) . Our work focused on the decomposition of the solar field into poloidal and toroidal components, which was not previously studied. We showed that the solar field has been mainly poloidal during cycle 24, with 70% poloidal energy for max = 5 (the average through the analysed timespan is 90%, see Figure 7a ). When analysing poloidal and toroidal energies at each spherical harmonic degree, we found, in general, that the toroidal energies have local maxima in even degrees, while the poloidal energies have local maxima in odd degrees (see Figures 4 and 5) . For example, while the toroidal energy of the quadrupole ( = 2) is larger than that of the dipole ( = 1) or octupole ( = 3), for the poloidal energy, the inverse is true (see Figure  4 , right panels). This happens because the sun's magnetic polarity switches across the equator, which enhances even toroidal degrees and odd poloidal degrees (Lehmann et al. 2017 (Lehmann et al. , 2018 . This creates a 'zig-zag' distribution of toroidal or poloidal energies per degree as a function of . In general the toroidal energy of the quadrupole is larger than that of the dipole or octupole throughout cycle 24, being the largest (or one of the largest) contributors to the reduction in poloidal field fraction through the cycle ( Figure 5) .
We investigated the magnetic properties of the 'Sunas-a-star' ( max = 5) as a function of time ( Figure 6 ). We found that the solar large-scale magnetic field is more axisymmetric and more poloidal as it is near solar minima. (In our study, an axisymmetric field is defined as having spherical harmonics mode m = 0.) The overall magnetic energy is larger near sunspot maximum. We also noticed that some magnetic field properties depend on whether the cycle is going towards maximum or towards minimum in SSN. All the panels in Figure 7 show that poloidal fraction, axisymmetric fraction and poloidal, toroidal and total energies are overall larger in the decaying phase of cycle 24 than in the rising phase. We found a tight anti-correlation (Spearman's rank correlation is ρ = −0.82) between axisymmetric energy fraction and sunspot number (Figure 7b ), which means that the larger the number of spots (near maximum), the smaller the fraction of axisymmetric fields. We also found that toroidal energy is correlated to sunspot number (ρ = 0.78), which might indicate that sunspots are major contributors to the toroidal large-scale energy of the Sun.
The ZDI technique (Stokes V) is only able to capture the large-scale surface magnetic fields of stars, while the small-scale field is better captured by Zeeman broadening measurements of unpolarised (Stokes I) lines. As an analogy to the latter method, we used the high-resolution observed magnetic field of the Sun to compute the unsigned total magnetic field of the Sun ( |B I | ) and we used the max = 5 reconstructed magnetic field to compute the unsigned large-scale magnetic field of the Sun ( |B V | ). We found that |B V | / |B I | is often between 10 and 20% during cycle 24, indicating that only 10 to 20% of the total magnetic field of the Sun would be recovered in ZDI observations of the Sun-as-a-star (Figure 9 ).
We finally investigated how the properties of the largescale vector field of the Sun compare to magnetic field measurements of a ZDI stellar sample. The sample used in this comparison is the same as that presented in Vidotto et al. (2014) and See et al. (2015) . It is striking to see how smoothly the solar points fit in the stellar sample (Figure 8) . Together, the solar and stellar points span nearly 8 orders of magnitude in toroidal and poloidal energies, with a tight (ρ = 0.85) correlation B 2 tor ∝ B 2 pol 1.38±0.04 (Figure 8a ). This is consistent with the correlation found for the stellar sample: B 2 tor ∝ B 2 pol 1.26±0.05 . In Figure 8b , we investigated how the solar points are distributed in the f axi vs f tor plane and found that they follow very closely the trend found by See et al. (2015) , who reported a dearth of toroidal nonaxisymmetric stars. It is again striking how well the Sun-asa-star points follow the trends of ZDI-derived magnetism in stars. Table A1 . Spherical harmonic coefficients derived in the decomposition of the magnetic field distribution of the solar synoptic map of the vector field up to degree max = 5. Coefficients are for CR2097, near minimum of sunspot number (left column of Figure  2 ). Each set of coefficients is split between its real and imaginary parts. 
APPENDIX A: SPHERICAL HARMONIC COEFFICIENTS OF MAPS IN FIGURE 2
Tables A1, A2, A3 show the coefficients for the first five degrees derived from the spherical harmonics decomposition of the solar vector field at CR2097 (near minimum of SSN) and CR2150 (at maximum of SSN), and CR2202 (near minimum of SSN), respectively. To reconstruct the large-scale magnetic field shown in Figure 2 , Equations (1) to (3) should be used. Table A2 . Same as Table A1, but Table A3 . Same as Table A1 , but for CR2202, near minimum of SSN (right column of Figure 2 ). , ARA&A, 47, 333 Donati J., et al., 2006 , MNRAS, 370, 629 Fares R., et al., 2009 , MNRAS, 398, 1383 Fares R., Moutou C., Donati J.-F., Catala C., Shkolnik E. L., Jardine M. M., Cameron A. C., Deleuil M., 2013 , MNRAS, 435, 1451 Fares R., et al., 2017 , MNRAS, 471, 1246 Folsom C. P., et al., 2016, MNRAS, 457, 580
